INTRODUCTION
Researchers have shown that feeding low CP diets to broilers will decrease the N in the excreta, thus reducing the N loss to the environment (Aletor et al., 2000) . Researchers also have shown decreased growth performance of broilers fed low CP amino acid (AA)-supplemented diets (Fancher and Jensen, 1989a,b; Pinchasov et al., 1990; Aftab et al., 2006) .
Attempts to improve broiler growth performance when feeding low CP diets include modification in the dietary electrolyte balance or more specifically addition of potassium carbonate to the diet (Fancher and Jensen, 1989a,b; Han et al., 1992; Si et al., 2004) , addition of nonspecific N as triammonium citrate or lGlu (Fancher and Jensen, 1989a,b; Pinchasov et al., 1990; Bregendahl et al., 2002) , addition of essential AA to meet or exceed the NRC (1994) recommendations (Fancher and Jensen, 1989a,b; Pinchasov et al., 1990; Bregendahl et al., 2002) , or addition of nonessential AA (Bregendahl et al., 2002) . Neither dietary electrolyte balance nor nonspecific N modifications have been successful in resolving the negative growth performance effects of low CP AA-supplemented diets fed to broilers (Aftab et al., 2006) . However, essential and nonessential AA supplementation to low CP diets has been shown to be relatively successful. Corzo et al. (2005) reported that broilers fed an 18% CP diet with supplemental Gly or l-Leu had feed conversion equal to that of broilers fed a control 22% CP diet. Dean et al. (2006) also reported that broilers fed low CP AA-supplemented diets had growth performance equal to broilers fed conventional corn-soybean meal (C-SBM) diets as long as crystalline Gly was supplemented to provide 2.32% total Gly + Ser. However, the 16% CP diet used by Dean et al. (2006) was not a practical commercial diet because it contained additional crystalline AA other than the commercially available AA. The objective of this research was to determine the level of supplemental l-Lys (along with dl-Met, l-Thr, and Gly) that can be added to C-SBM diets that results in no detrimental effects on growth performance.
MATERIALS AND METHODS
Five experiments were conducted with male Ross × Ross 708 broilers. On d 0 posthatching, broilers were weighed, wing-banded, and randomly allotted to treatments. Broilers were housed in temperature-controlled brooder batteries with continuous fluorescent lighting. Each experiment was conducted for 18 d. Feed in mash form and water were available on an ad libitum basis. Chicks and feeders were weighed on d 0 and 18 for the determination of growth performance. All experimental animal use was in compliance with the Louisiana State University Agricultural Center Animal Care and Use Committee.
Diets were C-SBM-based and formulated to contain 1.26% total dietary Lys. The ratio of TSAA to Lys was set at 0.72 and the ratio of Thr to Lys was set at 0.70 in all diets, which meet or exceed the suggested ratio by Baker (1997) and more recently supported by . All experiments contained a positive control (PC) and a PC supplemented with Gly (PC + Gly). The PC diet contained approximately 22.2% CP with no supplemental Gly or l-Lys·HCl in the diet. All diets except for the PC contained supplemental Gly to achieve 2.32% total dietary Gly + Ser, a level which previously has been shown to maximize growth performance of broilers fed low CP AA-supplemented diets (Dean et al., 2006) . Diets were formulated to contain 3,200 kcal of ME per kilogram of diet, 1.0% Ca, 0.45% nonphytate P, and to meet the requirements of all other nutrients suggested for 0-to 3-wk-old broilers as suggested by NRC (1994) .
The AA composition in the diets was determined after acid hydrolysis (method 994.12; AOAC International, 2002) . Total sulfur AA composition in the diets was determined after performic acid oxidation followed by acid hydrolysis (method 994.12; AOAC International, 2002) . Nitrogen analysis to determine CP for diets was measured with a Leco FP-2000 N combustion analyzer (Leco Corp., St. Joseph, MI) according to the Dumas procedure.
Experiment 1 was conducted to determine the effect of incremental levels of l-Lys·HCl (along with dl-Met, L-Thr, and Gly) on growth performance of broilers. Treatments were replicated 8 times with 6 broilers per replicate pen. Diet 1 was the PC diet with no supplemental Gly or l-Lys·HCl. Diet 2 was the PC diet with the addition of crystalline Gly to achieve a level of 2.32% total dietary Gly + Ser. Diets 3 to 9 had lLys·HCl added to the diets at 0.02% increments from 0.15 to 0.27% (Table 1) . With the increasing levels of supplemental l-Lys·HCl, the diets decreased in soybean meal (SBM) content, which resulted in decreased CP from 22.2 to 20.2%.
Experiment 2 was similar to experiment 1 except diets 3 to 10 had l-Lys·HCl added to the diets at 0.05% increments from 0.25 to 0.60% (Table 2) . Treatments were replicated 7 times with 6 broilers per replicate pen. With the increasing levels of supplemental l-Lys·HCl, the diets decreased in SBM content, which resulted in decreased CP from 22.2 to 17.4%.
Experiment 3 was identical to experiments 1 and 2 except diets 3 to 5 had l-Lys·HCl added to the diets at 0.05% increments from 0.20 to 0.30% (Table 3) . Treatments were replicated 8 times with 6 broilers per replicate pen. With the increasing levels of supplemental l-Lys·HCl, the diets decreased in SBM content, which resulted in decreased CP from 22.2 to 20.0%.
Experiments 4 and 5 were conducted to determine the order of limiting AA other than Met, Thr, Lys, and Gly in low CP C-SBM diets for broiler chicks. In experiments 4 and 5, treatments were replicated 7 times with 6 broilers per replicate pen. In experiment 4, the order of limiting AA was determined in a C-SBM diet containing 0.45% l-Lys·HCl and 17.8% CP (Table 4) . The treatments for experiment 4 were 1) PC with 22.2% CP and no supplemental Gly or l-Lys·HCl added, 2) PC + 0.268% supplemental Gly, 3) negative control (NC) with 0.45% l-Lys·HCl (with Met, Thr, and Gly), 4) NC + 0.247% Ile, 5) NC + 0.484% l-Arg·HCl, 6) NC + 0.249% Val, 7) NC + 0.247% Ile + 0.484% l-Arg·HCl, 8) NC + 0.247% Ile + 0.249% Val, 9) NC + 0.249% Val + 0.484% l-Arg·HCl, 10) NC + 0.247% Ile + 0.484% l-Arg·HCl + 0.249% Val. Additions of crystalline Ile, Arg, and Val in diets 4 to 10 were added to achieve the same total dietary levels of Ile, Arg, and Val as found in the PC. Diets 2 to 10 contained supplemental Gly to provide a total dietary Gly + Ser level of 2.32%.
It is possible that the order of limiting AA (other than Met, Thr, Lys, and Gly) changes in a diet with different levels of supplemental Lys because of the change in ratio of corn to SBM. Therefore, experiment 5 was conducted in an identical manner to experiment 4 except the diets with supplemental AA contained the same ratio of corn to SBM that is found in a diet with 0.25% l-Lys·HCl, which was achieved by dilution with cornstarch (Table 5 ). The ratio of Arg:Ile and Arg:Val changes from 1.54 and 1.35 to 1.55 and 1.38, respectively, from a diet with 0.45% l-Lys·HCl to a diet with 0.25% l-Lys·HCl. Arginine relative to Ile and Val is less in a diet with 0.45% l-Lys·HCl compared with a diet with 0.25% l-Lys·HCl. Treatments contained 7 replications with 6 broilers per replicate pen. The treatments for experiment 5 were 1) PC with 22.2% CP and no supplemental Gly or l-Lys·HCl added, 2) PC + 0.265% supplemental Gly, 3) NC with 0.44% l-Lys·HCl (with Met, Thr, and Gly), 4) NC + 0.253% Ile, 5) NC + 0.484% l-Arg·HCl, 6) NC + 0.268% Val, 7) NC + 0.253% Ile + 0.484% l-Arg·HCl, 8) NC + 0.253% Ile + 0.268% Val, 9) NC + 0.268% Val + 0.484% l-Arg·HCl, 10) NC + 0.253% Ile + 0.484% l-Arg·HCl + 0.268% Val. Additions of crystalline Ile, Arg, and Val in diets 4 to 10 were added to achieve the same total dietary levels of Ile, Arg, and Val as found in the PC. Diets 2 to 10 contained supplemental Gly to provide a total dietary Gly + Ser level of 2.32%.
Data for all experiments were analyzed by ANOVA as completely randomized designs using the GLM procedures in SAS (SAS Inst. Inc., Cary, NC) as outlined by Steel and Torrie (1980) . The pen of chicks was the experimental unit in all experiments. The PDIFF option with preplanned comparisons was used to compare each diet to the PC diet. For experiments 1, 2, and 3, linear and quadratic contrasts were used.
RESULTS
In experiment 1 (Table 6), G:F was increased (P < 0.07) in broilers fed the PC + Gly compared with broilers fed the PC diet, but ADG and ADFI were not affected. Compared with the PC diet, ADG and G:F were increased (P < 0.09) in broilers fed the 0.21 or 0.23% supplemental l-Lys·HCl diets. The incremental l-Lys·HCl additions while lowering CP (from 22.2 to 20.2%) had no effect on growth performance of broilers fed 1.26% total dietary Lys. In experiment 2 (Table 7) , G:F was increased (P < 0.01) in broilers fed the PC + Gly compared with broilers fed the PC diet. Compared with the PC + Gly diet, ADG was decreased (P < 0.08) in broilers fed the diets containing 0.30% l-Lys·HCl or greater; ADFI was decreased (P < 0.08) in broilers fed the 0.30%, 0.45%, and greater l-Lys·HCl levels, and G:F was decreased (P < 0.08) in broilers fed 0.25% l-Lys·HCl or greater. Compared with the PC diet, ADG and ADFI were decreased (P < 0.05) in broilers fed the 0.30%, 0.45%, and greater l-Lys·HCl levels, and G:F was decreased in broilers fed the 0.45% l-Lys·HCl level and greater. As supplemental l-Lys·HCl increased in the diet, ADG, ADFI, and G:F were decreased (P < 0.01). However, the 0.25% supplemental l-Lys·HCl (20.4% CP) did not have a negative effect on growth performance.
In experiment 3 (Table 8) , ADG and ADFI were increased (P < 0.01) in broilers fed the PC + Gly compared with broilers fed the PC diet. Compared with the PC + Gly diet, ADG was decreased (P < 0.03) in broilers fed the diet supplemented with 0.30% l-Lys·HCl. Compared with the PC diet, ADG was increased (P < 0.09) in broilers fed the diet supplemented with 0.20 and 0.25% supplemental l-Lys·HCl, and ADFI was increased in broilers fed 0.30% l-Lys·HCl. As supplemental l-Lys·HCl increased in the diet, G:F was decreased (P < 0.07).
In experiment 4 (Table 9) , ADG, ADFI, and G:F were not different (P > 0.10) for broilers fed the PC + Gly compared with broilers fed the PC diet. Broilers fed the NC diet had decreased (P < 0.02) ADG, ADFI, and G:F compared with broilers fed the PC and PC + Gly diets. Addition of Val + Arg or Val + Arg + Ile to the NC diet resulted in ADG, ADFI, and G:F that were not different (P > 0.10) from the PC diet with the exception of G:F for broilers fed the diet supplemented with Val + Arg, in which G:F was decreased (P < 0.08) compared with broilers fed the PC diet. All diets with supplemental Arg, but not individual addition of Ile or Val, resulted in ADFI that was not different from the PC diet. Daily gain, ADFI, and G:F were not different (P > 0.10) for broilers fed the PC + Gly compared with broilers fed the NC diet with the addition of all 3 supplemental AA. In experiment 5 (Table 10) , ADG, ADFI, and G:F were not different (P > 0.10) for broilers fed the PC + Gly compared with broilers fed the PC diet. Broilers fed the NC diet had decreased (P < 0.06) ADG, ADFI, and G:F compared with broilers fed the PC and PC + Gly diets. Addition of Val + Arg or Val + Arg + Ile to the NC diet increased (P < 0.06) ADG compared with broilers fed the NC diet, but no AA addition resulted in ADG equal to broilers fed the PC diet. Addition of Arg alone or Val + Arg resulted in ADFI that was not different (P > 0.10) from broilers fed the PC diet, but addition of Ile + Val + Arg resulted in decreased ADFI (P < 0.08) compared with the PC diet. However, addition of all 3 supplemental AA resulted in G:F equal to broilers fed the PC diet (P > 0.10). Daily gain and ADFI were increased (P < 0.06) for broilers fed the PC + Gly compared with broilers fed the NC diet with the addition of all 3 supplemental AA. However, G:F was not different (P > 0.10) for broilers fed the PC + Gly compared with broilers fed the NC diet with the addition of all 3 supplemental AA.
DISCUSSION
Previous research with low CP AA-supplemented diets generally has shown a decrease in growth perfor- mance relative to broilers fed a PC diet with only minimal AA supplementation (Aftab et al., 2006) . However, Corzo et al. (2005) reported that broilers fed an 18% CP diet with supplemental Gly or l-Leu had feed conversion equal to that of broilers fed a control 22% CP diet. Dean et al. (2006) also reported that broilers fed low CP AA-supplemented diets had growth performance equal to broilers fed a conventional C-SBM diet as long as Gly was supplemented to a level of 2.32% Gly + Ser. However, the 16% CP diet used by Dean et al. (2006) was not a practical commercial diet because it contained additional crystalline AA other than those AA that are commercially available currently. Therefore, the purpose of our research was to determine the maximum level of AA supplementation into a C-SBM diet using only Lys, Thr, Met, and Gly that would result in no negative effect on growth performance. To our knowledge, there are no reports in the literature of similar experiments. The results of experiments 1 to 3 indicate that 0.25% l-Lys·HCl (0.20% l-Lys) along with dl-Met, Thr, and Gly can be added to 20.4% CP C-SBM with no negative effects on growth performance. Therefore, at levels of supplemental Lys greater than 0.20%, another AA is probably limiting growth performance. Based on NRC (1994) and more recently Labadan et al. (2001) , Corzo et al. (2008) , and Dozier et al. (2008) , the most likely limiting AA in this diet are Val, Arg, and Ile. Experiment 4 was conducted to determine the order of fifth, sixth, and seventh limiting AA in a low CP C-SBM diet containing 0.45% supplemental l-Lys·HCl, along with dl-Met, Thr, and Gly. Individual addition of Arg but not Val or Ile improved ADG, and there was a further improvement when Val + Arg was added to the diet, but not when Ile + Arg was added. Addition of Val + Arg or Val + Arg + Ile resulted in ADG that was not different from the PC diet. A similar, but not as clear, response was observed in ADFI. Gain:feed was not affected by individual addition of any AA but was increased by addition of Val + Arg and by addition of all 3 AA. These data indicate that Arg and Val are the fifth and sixth limiting AA, respectively, in a C-SBM diet with 0.45% supplemental l-Lys·HCl. Our suggestion that Arg is the fifth limiting AA is supported by 2 Supplemental Gly was added to diets 2 to 9 to maintain 2.32% Gly + Ser (Dean et al., 2006) . 3 CP are calculated composition values. the data of Labadan et al. (2001) , who reported the Arg requirement of broilers to be 1.27%, and our diet without Arg supplementation contained 1.27% Arg. Because slight improvements in ADG, ADFI, and G:F were observed by addition of Ile to the diet with Arg + Val, this suggests that Ile is the seventh limiting AA in this diet.
Based on experiments 1, 2, and 3, a diet with 0.25% supplemental l-Lys·HCl and with dl-Met, Thr, and Gly will have no negative effect on growth performance relative to a conventional diet. Because the corn:SBM ratio will be different in a diet containing 0.25% lLys·HCl relative to a diet containing 0.45% l-Lys·HCl, the order of limiting AA could change. The ratio of Arg to Ile and Arg to Val changes in a diet with 0.25% l-Lys·HCl compared with a diet containing 0.45% lLys·HCl. There is less Arg relative to Ile and Val in a diet supplemented with 0.45% l-Lys·HCl than in a diet with 0.25% l-Lys·HCl. Therefore, experiment 5 was conducted in a similar manner to experiment 4, except the diets with added AA contained the same ratio of C-SBM that is present in a diet with 0.25% lLys·HCl. Maintaining this same ratio of corn to SBM was achieved by dilution with cornstarch. Daily gain and G:F were not affected by individual addition of any AA or by addition of Ile + Arg or Ile + Val. Daily gain was improved slightly by addition of Val + Arg, but no further improvement was observed by addition of Ile + The results of experiments 1 to 3 indicate that 0.25% supplemental l-Lys·HCl can be added to C-SBM diets with no negative effects on growth performance. This diet calculates to be deficient in Arg, Val, and Ile based on the ratio of these AA to Lys (NRC, 1994) . Because growth performance was not affected at this level of Lys supplementation, the ratio of Arg:Lys, Val:Lys, or Ile:Lys is not correct based on NRC (1994). The Arg:Lys, Val:Lys, and Ile:Lys in the diet with 0.25% l-Lys·HCl is 1.01, 0.73, and 0.65, whereas these ratios of Arg:Lys, Val:Lys, or Ile:Lys suggested by NRC (1994) are 1.05, 0.77, and 0.67. Baker et al. (2002) reported that the ideal Ile:Lys and Val:Lys ratio for d 0 to 22 male broilers should be 0.614 and 0.775, respectively. Because we obtained maximum growth in all our experiments with a Val:Lys of 0.73, our data do not agree with the results of Baker et al. (2002) . Possible reasons for these differences are growth rate of birds (fast vs. slow growth), diet type (C-SBM vs. semipurified diet), and Gly addition in our diets. The results of experiments 4 and 5 indicate that Arg and Val are equaling limiting in a diet supplemented with 0.25% l-Lys·HCl. Therefore, the results of this research indicate that C-SBM diets can be formulated to minimum ratios of Arg:Lys and Val:Lys of 1.01 and 0.73, which will result in approximately 0.20% supplemental Lys going into the diet.
The level of total Lys in the diets used in this study was 1.26%, which may be at or slightly below the requirement for Ross × Ross 708 broilers. If the 1.26% Lys is below the requirement, then the actual level of supplemental l-Lys·HCl that can be added may change. A subsequent experiment (unpublished data) was conducted similar to experiments 1 to 3, except the total Lys level in the diet was 1.45%. The results of this experiment also indicate that 0.20% supplemental Lys can be added to diets formulated to a total Lys level of 1.45% with no negative effects on growth performance of 0-to 18-d-old broilers.
Our results in experiments 4 and 5 are similar to Han et al. (1992) , who reported that the limiting AA in a 19% CP diet fed to 1-to 3-wk-old broilers were Met, Lys, Arg, Val, Thr, and a N source such as Glu. They reported that Met was the first limiting AA in the 19% CP diet and Lys was the second, but beyond those 2, the order of limitation was not suggested. However, Han et al. (1992) did not agree with our suggestion that Gly is the fourth limiting AA in a low CP diet fed to broiler chicks, but their results suggest that a nonessential AA N source is required in a low CP diet.
In conclusion, supplementation of 0.25% l-Lys·HCl to a C-SBM diet will support broiler growth performance equivalent to broilers fed a control or commercial C-SBM diet with 22% CP as long as crystalline dl-Met, Thr, and Gly are supplemented and are not limiting. Arginine and Val are equally limiting after Met, Lys, Thr, and Gly in a diet with 0.25% l-Lys·HCl. 2 Supplemental Gly was added to diets 2 to 10 to maintain 2.32% Gly + Ser (Dean et al., 2006) .
